• In order to understand the underlying behaviour of neuronal circuit dynamics, it is necessary to monitor brain activity in the awake, behaving animal.
Introduction
In order to understand the neuronal circuits underlying behaviour, it is necessary to monitor brain activity in J. L. Chen and O. A. Pfäffli contributed equally to this work. the behaving animal. In recent years, in vivo two-photon calcium imaging in the awake, head-fixed mouse has emerged as a paradigm in which activity from tens to hundreds of individual neurons can be measured during sensory processing, decision making and motor movement (Dombeck et al. 2007 (Dombeck et al. , 2009 Nimmerjahn et al. J Physiol 591.19 2009; Andermann et al. 2010; O'Connor et al. 2010; Harvey et al. 2012; Huber et al. 2012; Petreanu et al. 2012; Xu et al. 2012; Chen et al. 2013) . Two-photon imaging provides single-cell resolution to relate functional neuronal signals to the organization of anatomical circuits and identified cell types. With genetically encoded calcium indicators (GECIs) (Knopfel, 2012) , single-cell activity can now be followed chronically during learning and plasticity Margolis et al. 2012) .
However, as a high-resolution imaging technique, two-photon microscopy is susceptible to motion artifacts arising from heartbeat, breathing and motor movements which can interfere with neuronal activity measurements (Dombeck et al. 2007; Laffray et al. 2011; Paukert & Bergles, 2012) . A considerable effort has been made to reduce or correct for such motion artifacts either online or post hoc. Using various algorithms post hoc, progress has been made in correcting for motion in the x-y plane for two-dimensional (2-D) frame scan acquired data (Dombeck et al. 2007; Greenberg & Kerr, 2009; Bonin et al. 2011) . Post hoc correction is possible partly as a result of the fact that motion within the focal plane typically does not lead to the loss of entire cells from the imaging frame, unless they are located near the edge of the frame. If motion is slow relative to the frame acquisition rate, simple image registration using affine transformations (Thevenaz et al. 1998 ) is sufficient to correct for lateral shifts. If faster movements occur during frame scanning, more sophisticated algorithms are required to account for within-frame distortions (Dombeck et al. 2007; Greenberg & Kerr, 2009) . Motion correction along the z-axis (the optical axis) is, however, more difficult and remains a challenge. z-motion can produce large fluctuations in measured fluorescence intensity that can interfere with calcium signal measurements as cells move orthogonally to the focal plane. These fluctuations can be estimated, but with a limited ability for correction (Greenberg & Kerr, 2009; Bonin et al. 2011) . More severely, given the optical sectioning provided by two-photon imaging (Helmchen & Denk, 2005) , cells can intermittently move entirely out of the focal plane, rendering post hoc z-correction of 2-D data impossible.
Licking behaviour has been identified as a major source of z-axis motion in multiple species (Roe, 2007; Andermann et al. 2010; Petreanu et al. 2012) . For rodents, licking upon a lick port sensor to retrieve water is an approach that is often used to measure the reporting of a decision during reward-based behaviour tasks Komiyama et al. 2010; O'Connor et al. 2010; Huber et al. 2012; Petreanu et al. 2012; Xu et al. 2012; Chen et al. 2013; Mayrhofer et al. 2013) . Therefore, the reduction in motion artifacts during licking in such tasks is vital to ensure the correct measurement of neuronal activity in critical movements of decision making or reward reinforcement. One solution to account for z-motion during two-photon imaging is fast three-dimensional (3-D) scanning using a piezoelectric focusing element . Such a device can rapidly move the microscope objective, enabling measurements of neuronal calcium signals in 3-D (Gobel et al. 2007; Katona et al. 2011) . Alternative approaches for fast 3-D imaging have been based on the modulation of the divergence of the laser beam entering the microscope objective, using, for example, a remote galvanometric z-scanner (Botcherby et al. 2012) , acousto-optic lenses (Kirkby et al. 2010; Katona et al. 2012) or an electrically tunable lens (ETL) (Grewe et al. 2011) . The ETL approach, in which the surface curvature of a liquid lens is changed with a voice coil-actuated ring exerting pressure onto an outer reservoir zone, is particularly interesting because of its low cost and simplicity.
Post hoc correction of motion artifacts is, however, difficult for 3-D imaging implementations that employ 3-D line scans (Gobel et al. 2007; Katona et al. 2011 Katona et al. , 2012 or random-access scanning (Kirkby et al. 2010; Grewe et al. 2011; Katona et al. 2012) . Volume imaging using 3-D trapezoidal scanning, however, does enable z-motion correction, as a single 2-D plane in the centre of the volume containing the cells of interest can be preserved within an ∼50-μm-thick volume and hence recovered for each frame (Andermann et al. , 2011 Kerlin et al. 2010) . Nonetheless, 3-D volume scanning to account for z-motion is not ideal for two reasons. First, 3-D volume scanning typically lowers the effective sampling rate compared with 2-D frame scanning (given equivalent signal-to-noise levels; i.e. similar pixel dwell times). Thus, when imaging at higher speed is desired, one would prefer to correct for z-motion during 2-D frame scanning. The second problem is that the main advantage of 3-D volume scanning, the ability to monitor a larger number of neurons compared with 2-D scanning, is compromised in post hoc approaches because z-motion still may result in the loss of cells at the upper and lower borders of the imaging volume. Whenever possible, it is therefore desirable to correct z-motion online.
Thus far, strategies for online z-motion correction have been employed in only few in vivo two-photon imaging studies. Stereotyped brain motion arising from heart beat-induced tissue pulsations can be minimized using electrocardiogram signals to trigger image acquisition at defined periods in the heart beat cycle (Nimmerjahn et al. 2005; Paukert & Bergles, 2012) . In another example, general z-motion of the spinal cord has been compensated for in a closed-loop manner by illuminating the tissue surface, analysing the reflected pattern by a second imaging system, and updating the objective's position to maintain a constant distance to the sample (Laffray et al. 2011) . Here, we describe a novel approach for online correction of licking-related z-motion during two-photon imaging in the neocortex of awake mice, employing a behaviour-driven feedback system in which licking triggers fast, compensatory remote focus adjustments with an ETL.
Methods

Animal preparation
All experimental procedures followed the guidelines of the Veterinary Office of Switzerland and were approved by the Cantonal Veterinary Office in Zurich. Stereotaxic viral and tracer injections were performed on three young adult (P35-42) male wild-type C57Bl6 mice under anaesthesia (1.5% isofluorane/O 2 ), as described previously (Margolis et al. 2012 ). AAV6-EF1α-YC-Nano140 (300 nl, ∼1 × 10 9 vg/μl) (Chen et al. 2013 ) was delivered into S1, targeting L2/3 (1.1 mm posterior to the bregma, 3.3 mm lateral, ∼300 μm below the pial surface). To allow the long-term visualization of in vivo neuronal activity, a cranial window was implanted over S1 under anaesthesia (1.5% isofluorane/O 2 ) at 1 day post-injection, as described previously (Margolis et al. 2012) . A metal post for head fixation was implanted on the skull, contralateral to the cranial window, using dental acrylic. One week following chronic window implantation, mice were handled daily for 1 week whilst being acclimated to a minimum of 15 min of head fixation (Chen et al. 2013) . Mice were water restricted for the remainder of the experimental time course.
Animal behaviour
Behaviour was performed using a data acquisition interface (USB-6008, National Instruments, Austin, TX) and custom-written LabVIEW software (National Instruments) to control devices required for the task, including ETL focusing, and for the recording of trial and licking data. Licking behaviour was detected using a piezo film sensor (MSP1006-ND, Measurement Specialties, Hampton, VA) mounted to a water port, and triggered the delivery of water (5-6 μl) through a miniature rocker solenoid valve (0127, Buerkert, Ingelfingen, Germany). A trial consisted of a 5 s pre-stimulus period, followed by the presentation of a 2 s discontinuous 2093 Hz auditory cue tone. Licking during cue tone presentation resulted in immediate water delivery paired with a 2093 Hz/2793 Hz auditory reward tone. A standard infrared CCD camera (Monocor, Bremen, Germany) was used to monitor non-licking-related body movements. Measurements of false-positive and false-negative lick detection were performed by comparing video of licking behaviour acquired using a high-speed CMOS camera (A504k, Basler, Ahrensburg, Germany) at 100 Hz to visually identify licks with licks detected from the piezo film sensor.
Two-photon imaging
We used a custom-built two-photon microscope controlled by HelioScan (Langer et al. 2013) , equipped with a Ti:sapphire laser system (∼100 fs laser pulses, Mai Tai HP, Newport Spectra Physics, Santa Clara, CA), a water immersion objective (40×LUMPlanFl/IR, 0.8 NA, Olympus, Tokyo, Japan), galvanometric scan mirrors (model 6210, Cambridge Technology, Bedford, MA) and a Pockel's Cell (Conoptics, Danbury, CT) for laser intensity modulation (Fig. 1A ). An ETL (EL-C-10-30-VIS-LD, tuned to a focal length range of +50 to +200 mm, 10 mm clear aperture, Optotune AG, Dietikon, Switzerland) was installed at the rear aperture of the microscope objective, together with an offset lens (LC4232, −100 mm focal length fused silica lens, Thorlabs, Newton, NJ) (Grewe et al. 2011) (Fig. 1A and B) . The ETL was controlled by a custom current controller delivering a stable current output from 0 to 200 mA at a maximum of 5 V. The behaviour data acquisition interface provided an analogue voltage signal (0-10 V) to the ETL controller for focusing. For calcium imaging, YC-Nano140 was excited at a wavelength of 840 nm and resolved with blue (480/60 nm) and yellow (542/50 nm) emission filters. Blocks of 10 trials (60-80 s long) were acquired at 15 Hz with 192 × 64 pixel resolution. To determine the z-positions of calcium imaging frames, a 3-D volume stack was acquired at 1 μm z-steps, 50 μm above and below the desired imaging plane, at the end of the imaging session, whilst mice were anaesthetized (1.5% isofluorane/O 2 ). The point-spread function of the microscope with ETL installed was determined by the acquisition of a 3-D volume stack consisting of 0.1 μm fluorescent beads embedded in 1% agarose and analysed using the MetroloJ ImageJ plugin (Cole et al. 2011 ).
Online lick-based z-motion correction
Online z-motion correction was implemented as a modular component in LabVIEW and integrated into the behaviour software framework (see File S1). Lick-induced deflections of the piezo film sensor were recorded as analogue voltage signals, digitized at 100 Hz and converted in the software to binary signals corresponding to individual licks by thresholding at ±0.05 V from baseline. Lick signals were then used to trigger kernels representing the voltage signal applied to the ETL necessary to generate the appropriate corrective z-motion. We created two kernels (A and B) from a tooth-shaped function with a rise time of 0.06 s and a decay time of 1.5 s (see Fig. 3 ). Kernel A had an additional shoulder extending for 3 s after the peak of the tooth component. Both kernels were smoothed with a second-order low-pass Butterworth filter with a cut-off frequency of 1 Hz. The amplitudes of the initial peak (kernel A and B) and shoulder (kernel A) were J Physiol 591.19 manually adjusted online during imaging for each animal by selecting values that minimized z-motion according to visual inspection.
Kernels were triggered on the basis of the following conditions. Kernel A was triggered by a single lick occurring >4 s after a previously triggered kernel A. A second lick (<0.5 s inter-lick interval) was required for kernel A to continue, otherwise the kernel was cancelled and the z-position returned to the original position. An additional kernel B was triggered by two licks (<0.5 s inter-lick interval) detected within 1.6-4 s after a previously triggered kernel A. The resulting voltage signal corresponding to the z-position was updated at a frequency of 50 Hz and delivered from the behaviour data acquisition interface to the ETL current controller for online focus adjustment.
Data analysis
Two-channel (cyan fluorescent protein/yellow fluorescent protein, CFP/YFP) calcium imaging data were imported into MATLAB (Mathworks, Natick, MA) for analysis. A time series for z-motion during behaviour imaging was obtained by summing the time series data from two channels into one in order to improve the signal-to-noise. With the resulting imaging frames, a pair-wise image correlation was performed across the time series. Frames were then clustered into 10-15 distinct groups, in which frames of the same group typically shared high correlation values (> 0.9), indicating near-identical z-position. For each group, a reference image was obtained by averaging across all clustered frames, and the relative z-position was manually determined with a precision of 1 μm by visual comparison with an image stack acquired at the end of the same session whilst the animals were anaesthetized. Through this method, the z-position for ∼95% of the imaging frames could be determined. The remaining frames with low correlation to all clustered groups usually exhibited image distortions, particularly shearing, as a result of the low frame acquisition rate. At these remaining time points, the z-position was calculated by interpolating across the time series.
For the analysis of calcium indicator fluorescence recordings, Hidden Markov Model line-by-line motion correction was first applied to both data channels (Dombeck et al. 2007) . Background subtraction (bottom first percentile fluorescence signal across the entire movie) was then performed on each channel. Regions of interest corresponding to individual neurons were manually selected from the mean image of a single-trial time series using ImageJ (National Institutes of Health, Bethesda, MD, USA). For each region of interest, mean pixel values were calculated for the time series for both channels. Relative changes in single-channel fluorescence F for CFP and YFP, respectively, were expressed as F/F = (F -F 0 )/F 0 . In order to account for slow changes in baseline fluorescence F 0 as a result of photo-bleaching, a dynamic F 0 was used, representing the bottom eighth percentile of F across a sliding window of 20 s. Ratiometric calcium signals were expressed as relative YFP/CFP ratio changes R/R = (R -R 0 )/R 0 . In order to account for slow changes in R 0 as a result of differential photo-bleaching of CFP and YFP, a dynamic R 0 was used, representing the bottom eighth percentile of R across a sliding window of 20 s.
Results
Licking-induced brain motion is stereotyped
We first characterized the pattern of z-motion in the brain associated with goal-directed licking. Adult, wild-type mice were injected with adeno-associated virus (AAV) expressing the GECI YC-Nano140 (Horikawa et al. 2010) into layer 2/3 (L2/3) of whisker barrel cortex (S1). After implantation of a cranial window over the injection site and a small head post, mice were habituated to head fixation. Mice were water deprived and subsequently trained to lick a water port in order to obtain water reward in response to a 2 s auditory cue tone presented at 5 s intervals. Mice could learn to lick primarily during cue periods within two behaviour sessions (data not shown). Licking behaviour was recorded using a piezo film sensor sampled at 100 Hz. The lick sensor signal was subsequently thresholded above electronic noise levels to obtain a binary signal corresponding to forceful licks. High-speed video of licking behaviour aligned with the lick sensor signal indicated that licks were detected with a false-negative rate of 20.4 ± 2.8% (mean ± SEM) as a result of licking that did not directly or forcefully contact the lick port, and a false-positive rate of 15.9 ± 5.3% typically resulting from the recoil of the lick port immediately following a forceful lick (n = 54 trials). The lick signal was used to trigger valve opening for water delivery. In vivo two-photon calcium imaging of YC-Nano140-expressing neurons was performed during licking behaviour. We used a two-photon microscope equipped with galvanometric mirrors acquiring 2-D frame scan images at 15 Hz (Fig. 1A ). An ETL was also installed for fast remote focusing (Fig. 1B) , but was not used in the initial experiments so that z-motion could be measured during non-corrected conditions. z-motion during licking was quantified by clustering imaging frames with high cross-correlation into groups and assigning z-positions to these clusters based on a reference 3-D image stack ( Fig. 1C and D; see Methods). In addition, video data of the mouse in the experimental set-up were acquired using a conventional CCD camera to visually confirm licking behaviour and to identify non-licking-related brain motion, such as from limb movement or changes in body posture. Trials with excessive non-licking-related brain motion were excluded from the analysis.
During cue-driven licking behaviour, animals typically displayed bouts of licking consisting of 5-10 rapid licks (0.35-5 Hz) occurring over a 1-2 s period (Figs 1D and 2A) . For each cue presented, bouts occurred either as a single event or as two events occurring in quick succession (0.7-2.0 s between bouts). These two-bout events were observed more frequently in well-trained animals and probably occur such that the first bout serves to trigger water delivery, whereas the second bout is associated with drinking of the dispensed water. We examined whether individual animals displayed stereotyped brain z-motion during either one-bout or two-bout events. Licking was always accompanied by an upwards shift of the focal plane (5-20 μm) resulting from brain tissue sinking. This range was beyond the tolerable z-resolution of our two-photon microscope (point-spread function, full width at half-maximum, x = 0.45 ± 0.09, y = 0.45 ± 0.03, z = 2.66 ± 0.20 μm, n = 5 beads) (Fig. 2B) . During one-bout events, displacement was typically observed about 0.40 ± 0.14 s prior to the detected first lick, reaching maximum displacement within 0.49 ± 0.12 s after the first lick and returning to the original focal plane 2.49 ± 0.20 s after the first lick depending on the duration of the lick bout. During two-bout events, the focal plane remained slightly displaced (∼70% of maximum displacement) during the period between the first and second bout, and then quickly returned to the original focal plane after the second bout. Although the amplitude of z-motion during licking bouts was largely consistent for a given animal, the overall maximum amplitude of z-motion varied (5-20 μm) from animal to animal.
Online correction of licking-induced brain motion
Based on the analysis of licking-induced brain motion, we derived an algorithm that would provide an online signal to instruct corrective ETL focusing during licking-related z-motion. Rather than applying a correction for each individual lick and to minimize the influence of rare false-positive and false-negative lick events, we corrected for bouts of licking by applying kernels emulating the general path of licking-induced z-motion. Licking bouts were identified online by measuring the inter-lick interval between the current and the immediately preceding lick, which was used to trigger one of two possible correction kernels: kernel A, correcting for one-bout events or the first bout of a two-bout event, and kernel B, correcting for the second bout of a two-bout event ( Fig. 3A; see Methods). Kernel B shares the same initial shape as kernel A, but is shorter to account for the different z-motion occurring during the second of two-bout events. To provide an immediate response to licking-induced z-motion, a single detected lick is sufficient to trigger kernel A, but a second lick (<0.5 s inter-lick interval) is required to allow the kernel to continue. To account for random, sparse licks producing little or no z-motion, a single first lick without any additional rapid licks signals a false start and the immediate cancellation of the kernel event (Fig. 3B) . If multiple additional licks (<0.5 s inter-lick interval) are detected within 1.6-4 s of the initial trigger for kernel A, indicating the presence of a two-bout event, kernel B is triggered to correct for the second bout (Fig. 3B) . We compared the degree of licking-induced z-motion in animals with or without this correction algorithm (Video S1). Online z-motion correction reduced licking-induced z-movement to less than ± 3μm for both one-and two-bout events (Fig. 3C and D) . To account for animal-to-animal variability in the degree of licking-induced z-motion, we manually adjusted the amplitude of the kernels for each animal, such that z-motion was reduced to similar ranges across all animals during online correction (Fig. 3E) .
Finally, we compared the effect of z-motion correction on fluorescence-based calcium measurements. As a fluorescence resonance energy transfer-based indicator, YC-Nano140 enables ratiometric measurements that are less susceptible to motion artifacts compared with single-wavelength fluorescence measurements because motion-induced YFP and CFP fluorescence intensity changes cancel out in the YFP/CFP ratio. By analysing the YFP or CFP fluorescence intensity, either individually or as the YFP/CFP ratio, we could distinguish between signal fluctuations caused by motion or true calcium influx, respectively. The non-ratiometric analysis also provides us with an estimate for the degree of motion contamination expected for commonly used calcium indicators, such as Oregon Green BAPTA-1 or GCaMPs (Grienberger & Konnerth, 2012) . We measured the fluorescence of single neurons during non-corrected and corrected trials following Hidden Markov Model line-by-line motion correction to correct for any xy-motion under both conditions (Dombeck et al. 2007) . Licking events during non-corrected trials resulted in up to 50% F/F changes for YFP or CFP signals between licking and non-licking periods, whereas online z-correction reduced such fluctuations to less than 10% (Fig. 4A and B) . z-correction also reduced fluctuations in the YFP/CFP R/R value, making calcium transients more readily identifiable. Accounting for animal-to-animal variability in the maximum amplitude of z-motion, online correction reduced the difference in YFP or CFP F/F signals between licking and non-licking periods in all animals tested ( Fig. 4C and D ; P < 0.05, paired Student's t test).
Discussion
We have introduced a method for online correction of licking-induced z-motion during two-photon imaging. We find that licking produces stereotyped brain motion, which can be corrected for by dynamic ETL focusing controlled by the activation of a lick sensor and an empirically derived feedback model.
Although the mechanism underlying licking-induced brain motion is unclear, we speculate that it could result from displacement of the brain relative to the cranial window produced by the lowering of the jaw during licking. The amplitude of z-motion can vary by animal, but the degree of z-motion can be determined in initial measurements to adjust the amplitude of the correction kernels accordingly. Application of online motion correction has thus far been validated here for motion within cortical L2/3 (<250 μm below the pial surface). Animal-to-animal variability in the amplitude of z-motion might be dependent on the imaging depth, although this has not been tested, and is also likely to be partly dependent on the cranial window preparation. Flush contact of the cover slip with the brain's surface seems to be critical for keeping motion low. Multiple, stacked cover glasses have been used to help stabilize brain tissue and to dampen licking-related z-motion Huber et al. 2012; Petreanu et al. 2012) . Our online correction method may alleviate the need for multiple cover glasses, which can produce optical aberrations during imaging, reducing image and signal quality. Our method for online motion correction uses behaviour-based feedback, expanding on previous approaches for the correction of other body-related movements, such as heart beat-triggered imaging acquisition (Paukert & Bergles, 2012) . Recently, an optical-based adaptive movement compensation, using a piezoelectric focusing element, has been demonstrated in the spinal cord to provide a general solution for online motion correction (Laffray et al. 2011) . However, this approach requires additional costly equipment and the effectiveness has yet to be demonstrated in brain tissue in vivo where it is likely to be dependent upon the imaging depth. Although geared for a specific source of motion, our approach is comparatively simpler and more cost-effective to implement, taking advantage of existing components normally implemented during reward-driven behaviour paradigms.
The ETL produces axial focus shifts by modulating the laser beam divergence. When positioned directly at the objective's rear opening, as here, it produces changes in the field-of-view size during focusing (Grewe et al. 2011) . However, for focus shifts of 10-20 μm, as required in our application, this magnification change is only in the range of ∼1-2% and thus has negligible effect on the acquired images. Given the relatively slow velocity (∼75 mm/ms) and small range of the observed z-motion, the ETL could also be substituted by other focusing devices, such as a piezo-scanning element (Gobel et al. 2007; Katona et al. 2011) or a remote focusing mirror (Botcherby et al. 2012) . Vice versa, the ETL could be used as an alternative focusing element in an optical closed-loop correction system (Laffray et al. 2011) .
The key significance of online motion correction lies in the minimization of data loss for structures of interest. In our application, this particularly improves the continuous collection of functional calcium signals from individual cells. Clearly, the additional application of a post hoc registration algorithm is possible. In general, the reduction in motion-associated fluctuations in fluorescence intensity should aid in the detection and inference of action potential firing from calcium signal measurements (Yaksi & Friedrich, 2006; Greenberg et al. 2008; Vogelstein et al. 2009 Vogelstein et al. , 2010 Grewe et al. 2010; Cheng et al. 2011) . Although not demonstrated here, this should also improve calcium signal measurements in subcellular structures, such as axons and dendrites, which are thin and often extend horizontally along the imaging plane (Petreanu et al. 2012; Xu et al. 2012; Glickfeld et al. 2013) . In addition, our approach could be combined with 3-D volume scanning to provide z-correction of 3-D volume data, ensuring that no intermittent data loss occurs for structures at the upper and lower planes of the volume.
Finally, our correction of licking-induced brain motion suggests that other behaviours producing stereotyped brain motion can potentially be corrected for using behaviour feedback from appropriate motion or force sensors. This could aid in the collection of imaging data during behavioural tasks involving locomotion, reaching, grasping and other motor movements.
